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Abstract
The Lichterman well field is a municipal water plant in Shelby County, Tennessee,
vulnerable to vertical seepage of modern groundwater (<60 yrs) into the underlying
semiconfined Memphis aquifer. In order to identify probable recharge pathways and sources of
modern water, 11 production wells and 1 shallow monitoring well were sampled for major solute
chemistry, 3H, 3He, SF6, and noble gases. Hydrostratigraphic cross sections reveal potential
pathways of modern water leakage to the Memphis aquifer adjacent to the well field.
Geochemical inverse modeling estimates up to 14% modern water from sampled production
wells. Lumped parameter modeling best fit a piston flow model for regional recharge and
dispersion model for local recharge through suspected hydrologic windows estimating fractions
of modern water from 14 to 29.5%. Unconfined conditions in the Memphis aquifer and limited
saturation of the overlying shallow aquifer may limit vertical leakage of modern water into the
Memphis aquifer.
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Chapter 1: Introduction
Shelby County, Tennessee draws its municipal, industrial and agricultural water supply
from the Memphis aquifer, and to a lesser degree, from the underlying Fort Pillow aquifer, at a
rate of over 210 million gallons per day as of 2010 (Maupin et al., 2014). The majority of this
water is pumped from wells managed by Memphis Light, Gas and Water (MLGW), the largest
municipal utility of Shelby County. Pumping of the Memphis aquifer has created cones of
depression in the potentiometric surface of the Memphis aquifer around municipal well fields
locally increasing the potential for downward hydrologic gradients from the shallow aquifer to
the underlying, semi-confined Memphis aquifer (Nyman, 1965; Parks and Carmichael, 1990;
Parks and Mirecki, 1992; Kingsbury, 1996). Decreasing water quality in the shallow aquifer due
to the introduction of nitrates, volatile organic compounds, pesticides and other pollutants
(Graham and Parks, 1986; Coupe, 2000; Gonthier, 2002; Barlow et al., 2012) have generated
concern regarding possible contamination of Memphis aquifer waters from localized leakage.
Several recent studies have focused on identifying the locations of hydrologic windows which
form pathways along which shallow aquifer waters can recharge the Memphis aquifer near
municipal well fields in Shelby County (Parks et al., 1995; Ivey et al., 2008; Bradshaw, 2011;
Koban et al., 2011; Larsen et al., 2013; Gallo, 2015).
The Lichterman well field is a MLGW municipal water plant in south-central Shelby
County, Tennessee, (Fig. 1) that is thought to be vulnerable to vertical seepage of modern (<60
years) groundwater from the shallow aquifer to the Memphis aquifer. Lichterman well field was
brought online in 1966, initially withdrawing an average of 30,000 m3/day (8 million gallons per
day) from 14 production wells. In 2016 the Lichterman well field had the capacity to produce
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114,000 m3/day (37 million gallons per day) from 22 production wells. The Lichterman well
field is in a hydrogeological setting similar to the Sheahan and McCord well fields, which have
been found to produce a component of modern water from production wells (Larsen et al.,
2003a; Larsen et al., 2013; Gallo, 2015).

Figure 1. (A) Location of the Mississippi Embayment. (B) Map showing the study area in yellow and the location
of the cross-section line A – A’. The red square indicates the location of the Lichterman well field. The purple
shaded area to the southeast is the Memphis Sand outcrop area. (C) Cross-section of Mississippi embayment
stratigraphy along the cross-section line A – A’. The red dot indicates the location of the Lichterman well field
projected on the cross-section line. (Modified from Bursi, 2015).

This study uses hydrostratigraphic analysis, water geochemistry and environmental
tracers (3H, 3He, and SF6) to evaluate proportional contribution, likely flow paths and sources of
modern water to production waters in the Lichterman well field. Supplemental to
hydrostratigraphic and geochemical investigations, an estimate of water available for recharge to
the shallow aquifer through vertical infiltration is evaluated using a modified ThornthwaiteMather water balance. Results of this study redevelop the conceptual hydrogeologic model of
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the study area, identify probable windows in the upper Claiborne confining, determine likely
hydrogeologic pathways from the shallow aquifer to the Memphis aquifer, and constrain the
amount of modern water being produced from production wells at the Lichterman well field.
Hydrogeologic Setting of the Study Area
Shelby County, Tennessee, is centrally located in the northern Mississippi embayment, a
synformal basin whose axis roughly follows the Mississippi River and plunges to the south.
Stratigraphically, the embayment is filled with a series of sandy aquifers, with high hydraulic
conductivity, separated by clay-bearing confining units, with low hydraulic conductivity (Table
1). The Memphis aquifer underlies the upper Claiborne confining unit (UCCU), which is
overlain by fluvial-terrace deposits and loess. Modern alluvial valleys are filled with sand and
gravel channel deposits and fine-grained floodplain sediments.
The Memphis aquifer is composed primarily of the Eocene Memphis Sand, a formation
of the Claiborne Group that extends over 12,000 square kilometers beneath western Tennessee
with thicknesses ranging from 152 to 271 m (Brahana et al., 1986; Parks and Carmichael, 1990).
The Memphis Sand is a water-bearing unit, mostly composed of fine- to coarse-grained quartz
sand with minor clay and lignite lenses (Criner and Armstrong, 1958; Parks and Carmichael,
1990; Brahana and Broshears, 2001). Extensive, high transmissivity, coarse-grained sands in the
aquifer supply production wells throughout the region (Nyman, 1965). The Memphis Sand is
confined from the underlying Fort Pillow aquifer by the clay-bearing Flour Island formation.
The UCCU overlies the Memphis aquifer and is composed of the Cook Mountain,
Cockfield, and Jackson formations. The UCCU has a thickness ranging from 0-110 m and thins
toward southeastern Shelby County. The Cook Mountain formation, in the Memphis area, is the
most persistent confining layer for the Memphis Sand, consisting of clays 0-40 m thick and fine
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sands locally (Parks, 1990). The Cockfield formation, which generally overlies the Cook
Mountain formation, is 0 to 80 m thick and comprised of fine-grained sand, silt, and clay with
minor lignite lenses (Graham and Parks, 1986). Clays in the Cook Mountain and Cockfield
formations have extremely low hydraulic conductivity, and act as an aquitard to waters in the
shallow aquifer, but may be absent locally (Graham and Parks, 1986; Robinson et al., 1997).
The Jackson formation overlies the Cockfield formation and consists of fine-grained sands and
sandy clay, ranging from 0 to 15 m thick (Parks, 1990). Gentry et al. (2006) describe the
mineralogy and interpreted depositional facies of stratigraphy in the Memphis area. They
describe the UCCU as having two dominant facies. Facies A, of fluvial deltaic origin and
composed of silty clays, some sand and dispersed siderite concretions (Gentry et al., 2006).
Facies B, interpreted as abandoned fluvial channel fill erosionally inset within facies A, is
composed of sandy, silty clay and finely interbedded very fine- to fine-grained sand (Gentry et
al., 2006).
Overlying the Claiborne Group are fluvial-terrace deposits composed of sand, gravel and
minor clay lenses with thicknesses ranging from 0-30 m (Graham and Parks, 1986). Alluvial
deposits commonly overlie the Claiborne Group in modern river valleys and are composed of
sand, gravel, silt and clay and are 0-53 m thick (Graham and Parks, 1986). The fluvial-terrace
deposits and the lower parts of the alluvial deposits have high hydraulic conductivities and form
the shallow aquifer. Shallow aquifer sediments contain numerous reactive phases including
dolomite, kaolinite, illite, smectite, vermiculite, and Fe hydroxides (Spann, 1997; Larsen et al.,
2003b; Lumsden et al., 2016). Radiocarbon dating of Nonconnah Creek alluvial deposits
indicates a Pleistocene to Holocene age for these deposits (Delcourt et al., 1980). The shallow
aquifer is overlain by silty upper alluvium in stream valleys and loess in uplands. The loess,
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composed of silt and clay and minor sands, is 0-20 m thick (Graham and Parks, 1986). The loess
and upper part of the alluvium have low hydraulic conductivities and form a leaky confining
layer above the shallow aquifer (Robinson et al., 1997).
Table 1. Geologic and hydrostratigraphic units underlying Shelby County, Tennessee (Adapted from

Graham and Parks (1986) with modifications from Waldron et al. (2011)).
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Recharge of the Memphis Aquifer
Regional recharge to the Memphis aquifer in southeastern Shelby County is principally
controlled by the gentle (<1 degree) northwesterly dip of Eocene strata (Parks and Carmichael,
1990). The majority of recharge to the Memphis aquifer occurs in the Memphis Sand outcrop
area, where the Memphis Sand is covered by 1-2 m of fluvial terrace deposits and a thin veneer
of loess, but is exposed locally within incised stream gullies (Waldron et al., 2008; Larsen and
Brock, 2014; Bursi, 2015). Once in the Memphis aquifer, groundwater follows northwesterly
hydraulic gradients into the Memphis area (Nyman, 1965). Recharged water travels slowly,
rarely more than a few feet per day, and is thousands of years in age by the time it is pumped to
the surface at MLGW production wells (Nyman, 1965; Graham, 1982; Graham and Parks, 1986;
Katz et al., 2012).

Figure 2. Conceptual model for ground water flow from the shallow aquifer to the Memphis aquifer in the
Nonconnah Creek watershed near the Lichterman well field (modified from Larsen et al., 2003a).
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Local recharge to the Memphis aquifer is dependent on the hydraulic gradient between
the shallow and Memphis aquifer and the continuity of clay intervals in the UCCU. The current
conceptual model of modern recharge to the Memphis aquifer is illustrated in figure 2. Where
the Memphis aquifer is overlain by continuous clay and its waters are under artesian pressure, it
is considered confined. However, sandy intervals or areas where the clay has been eroded in the
UCCU form conduits or hydrologic windows that allow the Memphis aquifer to hydrologically
communicate with the overlying shallow aquifer (Parks, 1990). Local vertical recharge occurs
where a downward hydraulic gradient from the shallow aquifer to the Memphis aquifer coincides
with hydrologic windows (Nyman, 1965; Graham and Parks, 1986; Parks, 1990; Bradley, 1991;
Parks and Mirecki, 1992). Waters < 60 years in age entering the Memphis aquifer from the
shallow aquifer are termed “modern waters” (Parks et al., 1995; Larsen et al., 2003a; Larsen et
al., 2016).
Climate and Soils of the Study Area
Memphis occupies a humid subtropical climate zone. Average rainfall is high, with wet
spring, dry summer and early fall, and persistent rain during the late fall and early winter.
Summers are hot and humid and winters are mild with minimal snowfall. Mean precipitation is
138.8 cm per year and the mean annual temperature is 16.8oC (NCDC, 2010). Regional recharge
to groundwater is greatest during the winter and spring when evapotranspiration demands are
low and precipitation is high (Flowers, 1964).
The study area lies entirely within the drainage basin of Nonconnah Creek, which flows
from east to west just north of the Lichterman well field (Fig. 3). Nonconnah Creek’s
headwaters begin in northern Mississippi and western Tennessee. Creek discharge is largely
dependent on surface water runoff and consequentially fluctuates seasonally and in response to
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heavy precipitation events. The shallow aquifer receives recharge from vertical infiltration of
surface water and stream loss from Nonconnah Creek. Larsen et al. (2013) estimated that
Nonconnah Creek loses around 2,600 m3/d to the shallow aquifer near the study area. Vertical
infiltration through upland areas, however, is limited by overlying loess which has very low
vertical permeability and promotes high surface runoff (Nyman, 1965).
The Nonconnah Creek drainage basin is highly urbanized and dominated by deep silty
loam soils (Sease et al., 1970). Soil moisture storage capacity is determined by soil type and the
depth of the root zone. Urbanization results in the introduction of impervious paved and covered
surfaces, compaction of soils, altered vegetation and reduced depth of the root zone causing
reduced soil moisture retention (Grimmond, 1983). In 2012 the U.S. Environmental Protection
Agency (EPA), Office of Research and Development-Sustainable and Healthy Communities
Research Program, published The Memphis, TN EnviroAtlas One Meter-scale Urban Land Cover
(MULC) dataset which examined areal imagery from the United States Department of
Agriculture (USDA) National Agriculture Imagery Program (NAIP) and LiDAR data to produce
impervious surface maps of Memphis and surrounding areas. The MULC for the study area
estimates 44% impervious surfaces, 27% grass and herbaceous, 25% forested, 2% soil and
barren, and 2% surface water or wetland. A 1970 soil survey of Shelby County by Sease et al.
(1970) found an average water holding capacity of study area soils to be 2.4 inches per foot or
200mm/m. Accordingly, the value of soil water holding capacity for the Nonconnah Creek
drainage basin is assumed to be 200 mm/m when saturated.

8

Impetus for Investigation of Modern Recharge to the Lichterman Well Field
Hydrogeology
Studies focusing on the degree of confinement of the Memphis aquifer from the
overlying shallow aquifer have found that locally recharged modern water has the greatest effect
in areas where the UCCU is thin or absent, and pumping stress exerted on the Memphis aquifer
has increased the downward hydrologic gradient between the shallow and Memphis aquifers.
Nyman (1965) examined sand samples, driller’s logs, and geophysical logs from preliminary test
drilling to predict the hydrologic effects of pumping production wells in the Lichterman well
field. Nyman (1965) predicted that pumping would create a cone of depression in the
potentiometric surface of the Memphis aquifer around the Lichterman well field, altering
hydraulic gradients and increasing the rate of movement of water toward the well field from
recharge areas. This prediction has been confirmed in several subsequent studies. Criner and
Parks (1976) confirmed a direct correlation between pumping and declining water levels in the
shallow and Memphis aquifers in the Memphis area. Kingsbury (1996) found that pumping
stress exerted by municipal and industrial well fields on the Memphis aquifer produced a
regional cone of depression that is overprinted by smaller cones of depression around major well
fields (Fig. 3). Additionally, Nyman predicted that hydraulic conditions would change from
artesian, to semi-artesian or water table conditions as continued pumping at high rates could
eventually cause the potentiometric surface of the Memphis aquifer to drop below the base of the
confining unit locally.
Murphy (2017) investigated the potential for communication between the shallow and
Memphis aquifers in the Memphis area. Murphy (2017) also analyzed spatial correlation of
borehole and well log data in the Memphis area and Lichterman well field in order to assess the
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validity of geophysical models of stratigraphy. This study found that thinning and lack of clay
composition of the UCCU to the north and east of the well field, coupled with low water table
elevations and drawdown of the potentiometric surface of the Memphis aquifer indicate likely
communication between the shallow and Memphis aquifer at the Lichterman well field.
However, Murphy (2017) also found that highly localized variability of stratigraphic horizons
between well logs resulted in low spatial correlation of stratigraphic horizons.

Figure 3. Cones of depression in the potentiometric surface of the Memphis Aquifer around well fields in the
Memphis Area, October 2015 (modified from Kingsbury, 2018). The Lichterman well field and surrounding study
area is outlined in black.

A well-defined cone of depression is observed around the Lichterman well field in the
2015 potentiometric surface of the Memphis aquifer in figure 3 (Kingsbury, 2018). Graham and
Parks (1986) identified areas near the Lichterman well field with high potential for leakage from

10

the shallow to the Memphis aquifer based on confining unit thickness and hydrologic gradients
between the Memphis and shallow aquifers. Parks (1990) identified multiple areas where the
confining unit was thinner than 10 feet defining probable areas where hydraulic exchange
between the Memphis and shallow aquifer may occur (Fig. 4). The Lichterman well field lies
adjacent to several areas with high potential for leakage through the UCCU, termed windows.
Additionally, Larsen et al. (2013) proposed that an elongated depression in the water table to the
south of Nonconnah Creek could indicate shallow aquifer water flowing towards the Lichterman
well field along a paleovalley in the UCCU (Fig. 5). Comparing figures 4 and 5 reveals
differences in head of more than 15 meters between the water table and the potentiometric
surface of the underlying Memphis aquifer near the Lichterman well field.

Figure 4. The locations of confining unit windows and municipal well fields in the greater Memphis, TN area
(modified from Parks, 1990).

11

Figure 5. Map of the 2005 water table surface and elevation of top of confining unit (Narsimha, 2007). Dashed
lines with arrows represent potential flow directions in the shallow aquifer (Larsen et al., 2013).

Geochemical and Environmental Tracer Investigations
Recent studies analyzing geochemical and 3H/3He, SF6 data from production well water
in the Memphis aquifer have shown that the presence of modern water is related to proximity to
hydrogeologic windows in the UCCU (Larsen et al., 2003a; Gentry et al., 2005; Ivey et al., 2008;
Koban et al., 2011; Larsen et al., 2013; Larsen et al., 2016). Investigations of well fields with
similar hydrogeology to the Lichterman well field in the Memphis area have revealed significant
amounts of modern water in production waters using geochemical and environmental tracer
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analysis (Parks et al., 1995; Larsen et al., 2003a; Bradshaw, 2011; Koban et al., 2011; Larsen et
al., 2013; Gallo, 2015; Larsen et al., 2016). At the adjacent Sheahan wellfield, Larsen et al.
(2003; 2013) compared the geochemistry of waters from Nonconnah Creek, the shallow aquifer,
and the Memphis aquifer to identify initial and final end member waters for a hydrologic mixing
model. Larsen et al. (2013) used PHREEQCi (Parkhurst and Appelo, 1999), a speciation and
reaction path modeling software package, to produce inverse geochemical models of mixing
between the identified end members. One production well in the Sheahan well field was
determined to produce up to 23 percent modern water. This approach has also been applied
successfully in the MLGW McCord (Gallo, 2015) and Davis (Parks et al., 1995; Koban et al.,
2011) well fields.
Environmental tracer studies of other well fields in the Memphis area by Ivey et al.
(2008), Koban et al. (2011), and Gallo (2015) found significant mixing of modern and old waters
and helped to constrain conceptual models of groundwater residence time and recharge
pathways. Environmental tracers are natural or anthropogenic substances in the environment
that can be measured and used to understand properties of a system, such as groundwater
residence times, sources, and recharge pathways (Jurgens et al., 2014). Tracers used in the
studies listed above include the radioactive isotope, tritium (3H), tritium’s daughter product
helium-3 (3He), and sulfur hexafluoride (SF6). 3H and 3He are used to calculate the mixing
proportions of and age of the modern water component in groundwater. Whereas 3H and 3He are
most useful in identifying waters 20-60 years old, SF6 provides an independent groundwater age
that is more sensitive to younger modern waters (< 40 years).
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Tritium and Sulfur Hexafluoride as Environmental Tracers
Tritium is an unstable hydrogen isotope that radioactively decays to 3He through betaemission, with a half-life of 12.32 years (Lucas and Unterweger, 2000). Tritium’s short half-life
allows it to be used as an environmental tracer to identify groundwater recharged within the last
60 years. The utility of 3H as an environmental tracer was summarized by Solomon and Cook
(2000). Atmospheric tritium concentrations increased dramatically from the onset of testing in
the early 1950s until the Limited Nuclear Test Ban Treaty was signed by the United States, the
Soviet Union, and Great Britain on August 5th, 1963. Global 3H concentrations decreased after
the treaty despite nuclear atmospheric testing by China and France that continued until 1980.
Concentrations of 3H and 3He in precipitation equilibrate to atmospheric levels until reaching the
water table, after which point the ratio of 3H concentrations begin to deplete and 3He becomes
enriched (Solomon and Cook, 2000). Consequently, post-bomb era waters, termed modern
waters (less than 60 years old), can be dated by comparing the concentrations of tritium and
tritiogenic 3He in groundwater samples to historic records of tritium concentrations in the
atmosphere (Solomon and Cook, 2000). The age approximated represents the time elapsed since
samples were last exposed to the atmosphere.
Several limitations and potential sources of error can affect the use of tritium as an
environmental tracer. Clark and Fritz (1997) determined that measuring 3H by itself is less
accurate for extremely young water (less than 20 years old) due to depletion of bomb-era 3H
concentrations in the atmosphere to near pre-bomb conditions. Also, measuring 3H in waters
recharged near the bomb peak as concentrations will be close to or below detection limits due to
its 12.32-year half-life (Clark and Fritz, 1997). Solomon and Cook (2000) summarized how
fractionation of 3H and 3He can occur in the unsaturated zone as a result of differences in
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solubility of the liquid and gaseous phases of each isotope. Consequently, enrichment or
depletion of 3H and 3He is possible as evaporation and condensation may occur between wetting
fronts (Solomon and Cook, 2000). Additional error may arise in igneous or geothermal
environments where groundwater may be exposed to enriched mantle sources of 3He (Lehmann
et al., 1993). Finally, Eberts et al. (2012) found that obtaining spatially dependent data points
over large areas requires numerous 3H/3He samples to be collected over time.
Sulfur hexafluoride concentrations in the atmosphere have been steadily since it began to
be produced for use (as an electrical insulator) in electrical equipment (semi-conductor
manufacturing) in the 1960s. Due to the increase in its production and its stability in the
atmosphere, average global concentrations of SF6 in the atmosphere increased from around 0.05
ppt (parts per trillion) in 1970 to around 4 ppt in 2000 (Busenberg and Plummer, 2000). Historic
atmospheric mixing ratios of SF6 are being reconstructed from production records, archived air
samples and atmospheric measurements, and from measurements of seawater and previously
dated groundwater samples (Busenberg and Plummer, 2000). The partial pressure of SF6 in
groundwater recharged at a certain temperature can be compared to historical atmospheric
concentration records to determine the year of recharge (Busenberg and Plummer, 2000).
The use of SF6 as an environmental tracer is subject to limitations and sources of error.
Due to increasing atmospheric concentrations and greater precision and accuracy of recent
atmospheric concentrations records, SF6 is best suited for detecting younger modern waters
(post-1993) (Busenberg and Plummer, 2000). Error in estimating recharge dates from SF6 can
arise from estimating the recharge temperature, where an error of ± 2°C equates to 1 to 3 years
difference in estimated age (Busenberg and Plummer, 2000). Similar to tritium, SF6 is subject to
fractionation in the subsurface and error increases with increased residence time in the
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unsaturated zone (Busenberg and Plummer, 2000). Additionally, contamination from natural
sources of SF6 can arise when siliceous igneous fluids, high in fluoride, react with organic
materials (Busenberg and Plummer, 2000). The apparent age calculation for SF6 uses a piston
flow model that assumes water flows directly from the source of recharge without dispersion
(Jurgens et al. 2014). Consequently, SF6 dating tends to underestimate the age of modern waters
(Larsen et al., 2016).
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Chapter 2: Methods
Hydrogeologic Cross Sections and Water Level Data
Hydrostratigraphic contacts were picked from geophysical logs and descriptive driller’s
and geologist’s logs in order to develop hydrogeologic maps and cross sections of the study area.
The hydrogeologic units identified were the loess and upper part of the alluvium, shallow aquifer
(the lower part of the alluvium and fluvial terrace deposits), the UCCU, and the Memphis
aquifer. Geophysical, driller’s, geologist’s logs were obtained from the University of Memphis
log library at CAESER (the Center for Applied Earth Sciences and Engineering Research). The
boundaries of hydrostratigraphic units were picked from geophysical logs at inflection points of
gamma radiation and electrical resistivity log curves (Fig. 6), based on previous studies
(Waldron et al., 2011; Murphy, 2017). Descriptive driller’s and geologist’s logs were used to
supplement geophysical logs when surface casings impeded geophysical determinations of the
depth of loess, and the shallow aquifer. The top of the Memphis aquifer was derived from a
structural contour map of the top of the Memphis Sand for shallow wells or boreholes that do not
reach necessary depths (Clark et al., 2013). The base of the Memphis aquifer was derived from
existing structure contour maps of the top of the Wilcox group, unless geophysical log depths
permitted independent interpretation (Clark et al., 2013). A discussion of the factors affecting
the quality and reliability of geophysical and descriptive logs in the Memphis area can be found
in Parks (1990) and Waldron et al. (2011). Historical water level data from observation wells
were compiled and incorporated into the 3-D model in order to assess hydrologic gradients
around the well field. Water level measurements from Memphis aquifer and shallow aquifer
water table data were acquired from the USGS National Water Information System (NWIS,
2018).
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Hydrostratigraphic data were used to create a structure contour map of the contact
between the shallow aquifer and UCCU and the thickness of the confining unit. A 3-D model of
the study area was then created from the stratigraphic data and a 3-meter digital elevation model
of Shelby County using Groundwater Modeling System (GMS), a 3-D subsurface modeling
application. Hydrostratigraphic horizons between boreholes were interpolated using an inverse
distance weighting (IDW) scheme. The IDW interpolation was selected based on insights from
Murphy (2017), who found high variability of stratigraphic horizons within the well field
resulting in a lack of spatial autocorrelation of kriged data. A minimum thickness of 3 meters for
hydrostratigraphic units was used to illustrate probable areas of hydrologic windows in the
UCCU. Hydrostratigraphic cross sections were cut from the 3-D model and combined with
water-level data in order to visualize hydrologic gradients and likely recharge pathways.
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Figure 6. Geophysical log of MLGW Lichterman production well 324 with picks of hydrostratigraphic units within
the Memphis aquifer, and the screened interval.

Field Data Collection
10 production wells and 1 shallow monitoring well in the Lichterman well field were
sampled for geochemistry and environmental tracer analysis during the fall of 2016 (Fig. 7).
Production wells were operated at standard conditions, but with a back pressure of approximately
310 kPa (45 psi) for 24 hours prior to sampling. Well water from the sampling spigot entered a
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flow-through sampling cell connected to a YSI 6600 multi-parameter unit with calibrated probes
to make the following field chemistry measurements: pH, temperature, specific conductance
(SC), oxidation-reduction potential (ORP), and total dissolved solids (TDS). Additionally, field
measurements of dissolved oxygen (DO) (using a factory calibrated Hach 2000
spectrophotometer or YSI meter) and alkalinity (ALK) (using a Hach titration kit) were made.
To obtain noble gas measurements of well waters, a gas diffusion sampler (copper tubing with a
semi-permeable membrane attached to one end) was deployed in a flow-through cell and allowed
to equilibrate to a flow of production well water for approximately 24 hours before being
collected. When collected the copper ends of the sampler were cold sealed and stored for later
laboratory analysis. Temperature and total dissolved gas measurements were made, upon
collection of the diffusion sampler, using a calibrated Point Four Total Gas probe.

Figure 7. The location of Lichterman well field production wells and USGS monitoring wells selected for this
study.
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The shallow aquifer monitoring well 3T2 was sampled using a 373-watt Grundfos pump
at low-flow conditions. Wells were purged of 3 borehole volumes before sampling to ensure
water sampled was representative of aquifer water. Shallow well sampling followed the same
procedure as production wells, except for dissolved gas measurements. The diffusion gas
sampler was left in the screened interval of the well for one week, in order to equilibrate to the
aquifer waters, before being collected.
Laboratory Analyses
Dissolved anion analyses were conducted at the University of Memphis using a Dionex
120 ion chromatograph module. Anion concentrations of fluoride, chloride, nitrate, phosphate,
and sulfate, were determined using an AS14 column and sodium bicarbonate-carbonate eluent.
Laboratory and Dionex anion standards were used to calculate accuracy and reproducibility.
Accuracy for fluoride and phosphate fell within 10%. Accuracy for chloride and sulfate fell
within 3%. Accuracy for nitrate measurements were within 21%. Reproducibility was within
3% for chloride and sulfate, but was within 15% for fluoride. Nitrate and phosphate
concentrations were near or below detection limits in the lab standard and consequently were not
evaluated for reproducibility. Cations concentrations of calcium, iron, magnesium, manganese,
potassium, and sodium, were analyzed with inductively coupled plasma-mass spectrometry
following the EPA 200.8 analytical method at Waypoint Analytical labs in Memphis, TN. The
method quantitation limit was 0.5 mg/L for all cations except manganese, with a method
quantitation limit of 5.0 µg/L. Analyses of laboratory standards of calcium, iron, magnesium,
manganese, potassium, and sodium yielded error within 1% for calcium, within 10% for
magnesium and manganese, within 15% for potassium and iron and within 20% for sodium.
Analyses of duplicate samples of well 305 yielded reproducibility within 10% for sodium,

21

potassium and calcium and within 12% for magnesium. Iron and manganese values were below
detection for well 305.
Dissolved gases, stable and unstable isotope analyses were performed at the Dissolved
Gas Laboratory at the University of Utah using the method described by Bayer et al. (1989).
Reactive gases were removed using a SAES getter (degassing device), and heavy noble gases
were sorbed onto charcoal at –180°C for Ar, Kr, and Xe, and at –236°C for Ne. Helium and
other noble gas isotopes were analyzed via magnetic mass spectrometry (MMS) using a MAP
215-50 mass spectrometer at a precision of approximately ±0.5%. Tritium samples were
analyzed using the helium in-growth method. Following initial analysis, the contents were
transferred from the amber glass bottles into stainless steel containers. 3He was allowed to
accumulate in the sample, through the beta decay of 3H, over a 3-6 month period (Clarke et al.,
1976; Bayer et al., 1989). 3H and 3He concentrations were then analyzed via MMS. This
method has an associated error of less than 10% above concentrations of 1 TU, and up to 70% at
concentrations near the detection limit of 0.05 TU (Solomon and Cook, 2000; Koban et al.,
2011). Tritium and 3He concentrations were corrected for atmospheric concentrations based on
the recharge temperature (determined from noble gas concentrations and excess air model) and
the appropriate gas-water equilibrium constants. Duplicates of 3H measurements were within
0.07 TU of each other. Samples with at least 0.14 TU (twice the duplicate 3H activity) were
selected to be evaluated with lumped parameter models (LPMs).
R/Ra values were calculated for each sample from helium isotope measurements. R/Ra
values compare the ratio of helium isotopes in a sample to the ratio of helium isotopes in airsaturated water appropriate for the time of sampling. Thus, samples with R/Ra values near 1 are
of similar age to modern waters, values below 1 indicate pre-modern waters (>60 yrs old), and
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values over 1 indicate progressively older modern waters (<60 yrs old). The 3H/3He age of a
groundwater represents the apparent mean age of a mass distribution of modern water in a
sample and is calculated from equation 1.
t = λ-1×ln(3He*/3H+1)
Equation 1. Where: λ is the tritium decay constant, 3He* is tritiogenic 3He, and t is the age in years of the modern
(less than 60 years old) component of the water.

The recharge years determined from the 3H/3He age were then used to determine the tritium load
for each year. The mean monthly tritium load was determined using synthetic mean monthly 3H
values in precipitation from Michel et al. (2018). Tritium load values were estimated from 19532012 for 2-degree latitude by 5-degree longitude quadrangles of the continental U.S. using
precipitation data from 10 precipitations stations in the continental U.S. and correlations derived
from data from Ottawa, Canada and Vienna, Austria (Michel et al., 2018). The mixing ratio was
then determined using equation 2.
% modern water = (3H + 3He*) / (3H loadyr) × 100
Equation 2. Where: 3H is the measured tritium activity in a sample, 3He* is the tritiogenic 3He determined from
noble gas data, and 3H loadyr is the estimated tritium load of precipitation determined from the recharge year.

Uncertainty was determined using a different approach than Manning et al. (2005), whereby the
standard deviation of mean monthly 3H for a given loading year was propagated through mixing
calculations.
SF6 was analyzed by the Dissolved Gas Laboratory at the University of Utah using gas
chromatography and electron capture detection (GC-ECD) techniques described in Wanninkhof
et al. (1991) and Law et al. (1994). The GC-ECD techniques yield a precision of 1-3% for
samples with concentrations between 0.001 pg/L and a maximum of 3.0 pg/L (Law et al., 1994;
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(Wanninkhof et al., 1991). Partial pressures of SF6 corrected for recharge temperature and
excess air in duplicates were within 0.06 parts per thousand volume (pptv) of each other.
Geochemical Modeling
Geochemical properties of waters from monitoring and production wells in the study area
were used to evaluate mixing along potential flow paths from the shallow aquifer near
Nonconnah Creek to production wells screened in the Memphis aquifer at the Lichterman well
field. End-member solutions for the modern waters recharging the shallow aquifer and
regionally recharged Memphis aquifer waters were determined using cross-plots of solute
concentrations. Linear trends identified from these plots are indicative of mixing between
chemically conservative species and allow for estimates of the proportion of modern water
recovered from production wells (e.g., Larsen et al., 2003a; Manning et al., 2005; Koban et al.,
2011; Gallo, 2015).
Geochemical data were entered into the USGS modeling program PHREEQCi as
individual solutions. PHREEQCi is a modeling software that performs aqueous geochemical
calculations to determine speciation and mineral reactions likely to occur during the mixing of
solutions in a given environment in order to produce a target solution (Parkhurst and Appelo,
2013). PHREEQCi was used to calculate the electrical balance and the saturation indexes of
minerals for each solution selected for this study. Inverse-geochemical mixing models of endmember solutions were produced for each production well sampled in the 2016 sampling event.
Saturation indexes of component solutions were used to determine minerals that would be
allowed to precipitate during mixing for each model. Additional species were allowed to
dissolve based on known mineralogy of the hydrostratigraphic units in the Memphis area (e.g.,
Larsen et al., 2003b; 2013). Outputs include mixing proportions of component solutions and
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mole transfers of chemical phases (Fig. 8). The fractions of modern water found from models of
each target well were then mapped in ArcGIS to evaluate spatial mixing patterns in the well
field.

Figure 8. PHREEQCi model output for inverse-geochemical model mixing of water from MLGW 306 and UR_13S
to produce MLGW 324.

Lumped Parameter Modeling
Lumped parameter models parameterize simplified aquifer properties and groundwater
flow dynamics while accounting for advection, dispersion, and fluid mixing at the borehole
(Jurgens et al., 2014). LPM inputs include the concentrations of environmental tracers present in
a sample, historical records of tritium concentrations in the atmosphere, and other physical
properties of the groundwater system. Eberts et al. (2012) emphasized the importance of using
an accurate conceptual model of hydrogeologic conditions in the study area when selecting
LPMs. The new conceptual model developed in this study identifies modern water, recharged
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locally through hydrologic windows in the UCCU, and pre-modern water, recharged 10s of
kilometers to the south and east of the Memphis area at the Memphis Sands exposure belt, as the
two sources of recharge to the Memphis aquifer at the Lichterman well field. The age of premodern waters was set at 2000 years based on 14C dating of Memphis aquifer waters sampled
throughout Shelby County (Graham and Parks, 1986). The USGS program TracerLPM was used
to model the mean age and mixing fraction of modern water present in Lichterman production
wells (Jurgens et al., 2014). Jurgens et al. (2014) details how sets of tracer data can be used to
model various aquifer and well scenarios with TracerLPM. A piston flow model (PFM) was
selected to represent pre-modern waters based on their assumed age and a lack of tracers
sampled in this study to constrain age distributions. Solute transport of modern water travelling
through fine sand and silt dominated windows in the UCCU were interpreted to follow
dispersion model (DM). The dispersion parameter (DP) is the ratio of the dispersion coefficient
and advective flow over a distance x (Zuber and Malaszewski, 2001). The DP defines the
influence of dispersive mixing versus advective flow on solute transport (Jurgens et al., 2014).
The resulting binary mixing model (BMM-DM-PFM) was used to estimate the components of
mixing between the regional and modern recharge, the age of the younger component, and to
constrain the influence of dispersion on modern waters. LPMs are also sensitive to residence
time in the unsaturated zone. However, as the majority of modern water contributions are
closely tied to streams in direct or near direct contact with the shallow aquifer the unsaturated
zone travel time is thought to be negligible and was set to 0 years for all models.
LPMs were calibrated to environmental tracer concentrations and tracer-determined ages
of water from MLGW production wells 324, 318, 304, and 303. Using the TracerLPM TracerTracer Graphs worksheet, cross plots of concentrations of 3H & 3He, as well as, 3He & SF6, were

26

constructed for production wells selected for evaluation with LPMs. Cross plots were then bestfit to curves of the BMM-DM-PFM seeded with 3H/3He and SF6 mean ages of modern water for
individual samples and the assumed pre-modern water age. Plots were used to determine DP
values that fit tracer data and ages for individual samples. Additionally, plots yield best-fit
mixing fractions of modern waters of a certain mean age.
The TracerLPM Tracer-Tracer Fits worksheet uses input tracer concentrations to find
model parameters, mean ages and mixing fractions that minimize the relative error of output
tracer concentrations. 3H/3He and SF6 mean ages and mixing ratios from geochemical and 3He
loading models were seeded into the Tracer-Tracer Fits worksheet in order to determine DP
values that minimized relative error using the BMM-DM-PFM for samples selected for
evaluation with LPMs. Additionally, values of DP found for each sample from the Tracer-Tracer
Graphs worksheet were used to calibrate for mean age and mixing fractions.
Water Balance
The Thornthwaite-Mather water balance uses average daily or monthly temperatures (T),
precipitation (P), and potential evapotranspiration (PE) to calculate actual evapotranspiration
(AE), change in storage (∆ST), runoff (RO), surplus (S), and deficit (D). This method was
designed primarily to assess surface runoff and soil moisture storage (Thornthwaite and Mather,
1957). This study used a modified Thornthwaite method, developed by McBean et al. 1995, to
calculate vertical infiltration (VI), water that outflows below the root zone and is then available
to recharge shallow aquifers.
Monthly precipitation, average monthly temperature, and position in latitude were
collected from the National Weather Service station at Memphis International Airport roughly 10
km west of the Lichterman well field. The Thornthwaite-Mather water balance estimates
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evapotranspiration based on mean monthly or daily temperature, the heat index, and position in
latitude of the study area. To calculate soil moisture storage, the accumulated potential water
loss (ACC. W. L.) must first be determined for months with negative P-PE values and tables 1133 in Thornthwaite and Mather (1957). Referencing the appropriate table for water holding
capacity and the ACC. W.L., the ST for each of the dry months is found. The storage for each
successive wet month is found by adding that month’s value of P-PE to the ST from the previous
month until soil moisture capacity is reached. Deficit is equal to the difference in AE and PE.
After the soil moisture capacity is reached and all evapotranspiration has taken place, the
remaining water available for runoff is called surplus. Half of the surplus is assumed to be
detained in the drainage basin and made available for runoff in the following month. Thus, RO
is equal to half of the surplus of the current month plus half the surplus of the previous month.
The Thornthwaite water balance equation, modified by McBean et al. (1995), was used to
calculate vertical recharge as shown in equation 3.
VI = P – RO – PE – ∆ST (for wet months, P – RO ≥ PE)
= 0 (for dry months, P – RO < PE)
Equation 3. Vertical infiltration calculated from a modified Thornthwaite water balance (McBean et. al., 1995)
where: VI is vertical infiltration, P is precipitation, RO is runoff, PE is potential evapotranspiration, and ∆ST is the
change in storage.

The Nonconnah Creek watershed was delineated in ArcGIS by defining the flow
direction and flow accumulation from DEMs of Shelby County and surrounding counties. The
outlet pour point for the creek was then defined to consider only flow contributions upstream of
this point. The chosen pour point was the termination of Nonconnah Creek where it flows into
McKellar Lake. The resulting watershed in Shelby County is shown in figure 9. The drainage
basin area for Nonconnah Creek is approximately 474 square kilometers within Shelby County
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and surrounding counties. The sub-basin area with shallow aquifer gradients believed to affect
the shallow aquifer near the Lichterman well field has an area of 296 square kilometers. Knick
points for sub-basins were placed at the confluence of significant tributaries. The upper and
middle sub-basins were selected as influencing flow directions based on flow directions
interpreted from the 2005 water table map of Shelby County (Narsimha et al., 2007).

Figure 9. Watershed basin and sub-basins of Nonconnah Creek within Shelby County, TN outlined in black.
Nonconnah Creek and its tributaries are blue. Active wells in the Lichterman well field are represented as red
points. Lower, middle and upper sub-basins are labeled L, M, and U respectively.

Impermeable surfaces within the watershed have been mapped to 1-meter resolution by
the EPA for the Greater Memphis area. The impermeable surface area within the Nonconnah
Creek drainage sub-basins was found to be 47% (United States Environmental Protection
Agency, 2012). The impermeable surface area was subtracted from the total area of the two subbasins to find the total permeable surface area. The amount of water available to recharge the
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shallow aquifer through VI was then estimated by multiplying the total permeable area by the
yearly amount of VI.
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Chapter 3: Results
Hydrogeologic Cross-Sections and Water Level Data
Hydrostratigraphic data, derived from boreholes and well logs, utilized in this study are
compiled in Appendix A for the four primary hydrostratigraphic units: loess or upper alluvium,
shallow aquifer, UCCU, and Memphis aquifer. Figure 10 includes the locations of all boreholes
and wells used to model the study area, the structure contours of the surface of the UCCU, and
the thickness of the UCCU. Water level data collected for wells along cross sections are
compiled as graphs for each well in Appendix B. Shallow aquifer monitoring wells 3T1 and 3T3
were dry during the 2016 sampling event and no records of head in these wells are available.
Cross section lines were chosen based on probable locations of windows inferred from the
thickness of the UCCU, displayed in Figure 10, and locations of monitoring wells in the shallow
and Memphis aquifers. Cross section line A-A' is oriented southwest to northeast along
Nonconnah Creek (Fig. 11). Cross section B-B’ is oriented south to north through the
Lichterman well field and extends north through well UR_13 and Nonconnah Creek (Fig. 12).
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Figure 10. Thickness and structure contour map of the top of the UCCU interpolated by inverse distance weighting
in the study area.
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Figure 11. Cross section A-A' displays the hydrostratigraphy along Nonconnah Creek, adjacent to the Lichterman well field, from southeast to northwest. Loess
and topsoil are beige, the shallow aquifer is teal, the UCCU is red, and the Memphis aquifer is blue. Wells are shown as vertical grey columns with screened
intervals shaded black. Water levels are displayed as green bars for the Memphis aquifer and yellow bars for the shallow aquifer. The black dotted line is the
interpolated potentiometric surface in the Memphis aquifer.
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Figure 12. Cross section B-B' displays the hydrostratigraphy from south to north through the Lichterman well field. Loess and topsoil are beige, the shallow
aquifer is teal, the UCCU is red, and the Memphis aquifer is blue. Wells are shown as vertical grey columns with screened intervals shaded black. Water levels
are displayed as green bars for the Memphis aquifer and yellow bars for the shallow aquifer. The black dotted line is the interpolated potentiometric surface in
the Memphis aquifer.
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Water Chemistry
Chemical analyses of waters sampled during the fall of 2016, along with historical data
collected by the Department of Earth Sciences at the University of Memphis and from Gonthier
et al. (2002) are compiled into Tables 2 and 3. Anion-cation electrical balances > 10% indicate
significant error arising from sampling or analysis, often arising from erroneous field ALK
titration measurements due to operator error. Production well water in the Lichterman well field
is slightly acidic, partially oxygenated, with low ALK and TDS, characteristic of atmospheric
water recharged into a relatively nonreactive medium. Typical of oxidized water, concentrations
of Mn2+ and Fe2+ are low in production well water. Monitoring well waters in the shallow
aquifer and upper Memphis aquifer are generally less acidic, more alkaline, with higher TDS
than production well waters.

35

Table 2. Field measurements and laboratory determined properties of production and monitoring wells from 19972016. Nd is non-detect.
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Table 3. Anion and cation analyses of production and monitoring well waters 1997-2017. Bd is below detections
limits. Nd is non-detect.

A piper diagram displays the compositional range of major ion species in study area
waters sampled from the shallow aquifer, the upper Memphis aquifer, and deeper intervals of the
Memphis aquifer (Fig. 13). All waters have a Ca-Mg-HCO3 composition and display linear
trends in percent compositions of Ca2+, Mg2+, and Na+ + K+. Shallow aquifer and upper
Memphis aquifer waters typically have a higher proportion of Mg2+ relative to Ca2+ than waters
sourced from deep and intermediate depths in the Memphis aquifer. Shallow and upper
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Memphis aquifer waters contain higher concentrations of Na+ and K+ than deeper Memphis
aquifer waters.

Figure 13. Piper diagram of Lichterman well field production water samples from 2005 to 2016 and proximal
shallow aquifer wells from 1997.

Concentrations of ions that behave conservatively in the aquifer system were plotted to
visualize trends in chemistry between shallow and Memphis aquifer waters sampled from the
Lichterman well field and surrounding areas from 1997-2016 (Fig. 14 – 16). Memphis aquifer
2016, 2005 and 2006 are waters from production wells in the Lichterman well field. 3T2 is
water from a shallow monitoring well screened in fluvial terrace deposits in the Lichterman well

38

field. Upper Memphis aquifer 1997 and shallow aquifer 2017, 2006, and 1997 are waters from
shallow monitoring wells (<100 ft. deep) installed by the USGS (Gonthier, 2002).
Cross plots of solute concentrations were developed to detect geochemical trends in
sampled waters. Sodium and Cl- concentrations of shallow, upper Memphis, and Memphis
aquifer waters production wells sampled between 1997 and 2016 are plotted in Figure 14. Not
plotted in Figure 14 is the 1997 data from well UR_11S due to an unusually high concentration
of Cl- (237 mg/L) that skews visualization of other well waters and is indicative of a localized
contaminant source. Memphis aquifer production well waters are dilute with respect to Na+ and
Cl- and plot along a linear trend with an approximate Na+ to Cl- ratio of 0.8/1. Concentrations of
Na+ and Cl- in samples from UR wells 25M, 24M, 22M and 12M are similar to production wells.
However, concentrations of Na+ in samples from UR wells 25S, 23S, 21M, 13M, 13S and 11S
are all significantly elevated. MLGW production well 306 has the deepest screened interval of
wells sampled in 2016 and has the lowest concentrations of Na+ and Cl-. Figure 15 show SO42versus Cl- concentrations and reveals similar trends to Na+ and Cl- with Memphis aquifer
production well waters roughly following a linear trend with an approximate SO42- to Cl- ratio of
1.2/1. Concentrations of SO42- and Cl- in samples from UR wells 25M, 22M, 12M are similar to
production wells. However, concentrations of SO42- in samples from UR wells 24M, 21M, 25S,
13S are significantly elevated and are depleted in well UR_23S. Figure 16 plots concentrations
of Mg2+ and Ca2+ of Lichterman well field area waters sampled from 1997-2016. Shallow and
upper Memphis aquifer waters display a Mg2+ to Ca2+ ratio of 1/2, similar to that resulting from
dissolution of dolomite. Memphis aquifer production wells diverge from this trend, displaying a
slightly lower Mg2+ to Ca2+ ratio of nearly 1/3.
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Figure 14. Cross plot of Na+ and Cl- contents for production and monitoring well waters from the Lichterman well
field and surrounding area. The dashed line approximates the linear trend of waters sampled from Memphis aquifer
production wells. The gray line indicates the Na+ to Cl- ratio of halite of 0.6/1

Figure 15. Cross plot of SO4- versus Cl- plot illustrating a spectrum of mixing along a linear trend within the
Memphis aquifer. The dashed line approximates the linear trend of waters sampled from Memphis aquifer
production wells.
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Figure 16. Cross plot of Mg2+ and Ca2+ illustrating a 3:1 Ca2+ to Mg2+ ratio linear trend of waters in the Memphis
aquifer. Shallow and upper Memphis aquifers fall on a 2:1 Ca2+ to Mg2+ ratio trend line.

Noble Gases and Environmental Tracers
Noble gas, 3H/3He, SF6, and age dating results for Lichterman production well water data
received from the University of Utah Dissolved Gas Laboratories are tabulated in Tables 4 and 5.
Analyses of duplicate samples from well 324 produced tritium values well above the detection
limit and were within 10% of each other; duplicate SF6 measurements were within 3% of each
other. Noble gas results indicate a paleo-recharge temperature for production well waters
averaging 13.9 ⁰C, with a range from 11.6 to 18.0 ⁰C. The paleo-recharge temperatures are
generally lower than modern production well water temperatures, which average 17.6 ⁰C and
range from 17 to 18.7 ⁰C. Concentrations of 3H and 3He are generally low in production well
waters with R/Ra ratios averaging 1.03 and range from 0.97 to 1.2. Table 5 also includes
predicted mixing percentages from tritium loading, geochemical and lumped parameter models.
Differences in tritium-loading mixing percentages resulting from propagation of one standard
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deviation from the mean monthly tritium load were similar in magnitude to uncertainties
determined in Manning et al. (2005) and Koban et al. (2011). Production wells 324, 322, and
320 have SF6 concentrations significantly above the background levels yielding modern water
component ages of 35.3, 39.8, and 27.8 years old, respectively. However, of these wells, only
324 also contained significant tritium concentrations and R/Ra values > 1. Sulfur hexafluoride
concentrations in production well waters average 0.6 pptv (parts per thousand by volume) and
range from 2.21 to 0.13 pptv, with several values falling below 0.3 pptv, the average local
background level of SF6.
Table 4. Dissolved gas measurements and calculated recharge temperatures 2007-2016. Nd is non-detect.
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Table 5. 3H, 3He and SF6 data for Lichterman production and monitoring wells from 2007-2016. Bd is below
detection limits. Nd is non-detect.

Geochemical mixing models
PHREEQCi was used to model equilibrium estimate mixing percentages of end members
from the deep and shallow aquifers. Electrical neutrality, as computed by PHREEQCi, fell
within 10% error for all solutions modeled. Well 306 was chosen as the deep end-member well
for geochemical mixing based on its screen depth, dilute geochemistry, and low concentration of
tritium and tritiogenic 3He. Well UR_13S was selected as the shallow aquifer end member in the
mixing models due to water chemistry determined to be similar to recent analyses of shallow
aquifer waters in the Nonconnah Creek drainage basin and its proximity to windows in the
UCCU (Parks, 1990). Mineral and gas phases allowed to dissolve in inverse mixing models
included calcite, dolomite, halite, pyrite, siderite, CO2(g) and O2(g). Because all production well
waters were oversaturated with respect to hematite and goethite, these phases were forced to
precipitate in inverse mixing models. Mixing models also included Ca, Mg and Na exchanges to
account for cation exchange processes associated with clays in the UCCU and Memphis aquifer.
Geochemical models required no more than 15% global uncertainty. Results show the predicted
mixing percentages of modern water for a given production well (Table 6). Included in Table 6
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are geochemical species likely to dissolve and precipitate as waters migrate through the aquifers
and UCCU. Using shallow end member well UR_13S, MLGW production wells 324, 318, and
304 yielded the highest predicted mixing percentages at 11%, 8%, and 7% shallow aquifer water
respectively. All other production wells yielded between 1 and 3% of shallow aquifer water.
Every model predicted the precipitation of either hematite or goethite. Dissolving phases
included some combination of calcite, halite, pyrite, siderite, CO2, and O2. Using UR_25S as the
shallow end member resulted in fractions of modern water between 3 and 1%, showing model
sensitivity to variations in shallow aquifer water chemistry.
Table 6. PHREEQCi geochemical inverse modeling results.
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Lumped Parameter Modeling
Lumped parameter modeling results from the Tracer-Tracer Graphs worksheet are
displayed in figure 17, illustrating a best fit to the 2016 data from well 324. All samples except
those from well 324 contained too little tritiogenic 3He to be fit to LPMs. The cross plot of 3H
and 3He concentrations is overlain with the BMM-DM-PFM curve, where the mean apparent age
of modern water was set to 36 years in order to reflect the 3H/3He age of the 2006 sample of well
324. The best fit the 2016 data to the BMM-DM-PFM model is achieved with a DP of 1.2,
yielding a mixing fraction of approximately 12% modern water. The cross plot of 3He and SF6
concentrations is overlain with the BMM-DM-PFM where the mean apparent age of modern
water was set to 38 yrs in order to reflect the 3H/3He age of the 2016 sample of well 324. To best
fit the data to the model a DP of 9 was selected, yielding a mixing fraction of approximately 35%
modern water.

Figure 17. Cross plots of tracer concentrations for sampled production wells and lumped parameter model curves for
dispersion models (DM) and binary dispersion and piston flow mixing models (BMM-DM-PFM). A) Cross plot of
3
H and 3He concentrations with the DP set to 1.2 and mean apparent age of modern water set to 36. B) Cross plot of
3
He and SF6 concentrations with the DP set to 9 and the mean apparent age of modern water set to 38. Mean ages of
modern water are labeled on the DM while mixing proportions are labeled on the BMM-DM-PFM. 3He(trit) is
tritiogenic 3He
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Table 7 contains the results from the Tracer-Tracer Fits worksheet where sample tracer
concentrations were calibrated to parameters using a BMM-DM-PFM in order to estimate the
mean age and mixing fractions of modern water. Models were also calibrated by seeding 3H/3He
and SF6 ages, as well as, estimated geochemical mixing percentages to find DP values that
minimized error. Samples for wells 303, 304, and 318 were calibrated to DP values that best fit
the 2016 sample from well 324 in order to demonstrate large errors. Samples from wells 303 and
318 could not be calibrated to LPMs and achieve reasonable error. Well 304 achieved minimal
error only when excluding tritiogenic 3He from the model calibration resulting in 9.1% mixing, a
mean age of 24.5, and a DP of 0.7. Using the seed values that best fit the cross plot of 3H and
tritiogenic 3He to the LPM for the 2016 sample of well 324 an error of 82.1% was obtained.
Allowing the error to be minimized for all tracers resulted in an error of 24.7%, a mean age of
39.6, a mixing fraction of 23% modern water, and a DP of 1.9. Excluding SF6 resulted in 0%
error with a mean age of 34, a mixing fraction of 29.5% modern water, and a DP of 2.4. Using
the seed values that best fit the cross plot of SF6 and 3He* to the LPM for the 2016 sample of
well 324 an error of 34.2% was obtained. The 2006 sample of well 324 fit models using
geochemical mixing percentages and tracer 3H/3He mean ages as seed with 0% error.
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Table 7. Lumped parameter modeling results. All models used a BMM-DM-PFM, use a mean age of 2000 years for
pre-modern water, and an unsaturated zone travel time of 0 years. 3He* is tritiogenic 3He.
MLGW
Well

Sample Date

303

10/18/2016

Mean age of
modern water
(yr)

DP

Mix fraction
of modern
water (%)

22.20

9.00

2.0

22.20
24.50
304

10/11/2016

25.90
25.60
25.60

318

10/11/2016

17.36
26.00
39.60

10/28/2016
324
10/5/2006

36.00

1.20
0.70
9.10
1.20
9.00
0.01
1.20
1.90
1.20

2.0

Tracers used in
optimization
3
3

3

3
3

0.1
3

7.0

3

23.0

3

He*, SF6

359.1%

H, He*, SF6
He*, SF6
3

H, He*, SF6

161.4%
187.3%
295.1%

H, He*, SF6

24.7%

H, He*
3

11.0

3

34.00

2.43

29.5

37.90

9.10

11.0

3

40.37

0.73

14.0

3

14.5

3

0.88

406.3%

3

3

45.70

243.7%
0.1%

3

7.0

223.3%

H, SF6

3

3

7.0

*

H, He , SF6

9.1
8.4

He*, SF6

Relative
error

3

H, He*

82.1%

3

H, He*

0.0%

He*, SF6

33.1%

H, 3He*
3

H, He*

0.0%
0.0%

Water Balance
The average Thornthwaite water balance for the Nonconnah Creek drainage basin from
1966-2017 is given in table 8. The average water balance values of precipitation, actual
evapotranspiration and potential evapotranspiration are represented graphically in figure 18. The
area on the graph below the precipitation and above the potential evapotranspiration curves
represents water surplus in the first half of the year and soil moisture recharge in the second half
of the year. The area on the graph below actual evapotranspiration and above precipitation
represents soil moisture utilization. Finally, the area on the graph below potential
evapotranspiration and above actual evapotranspiration represents water deficiency. The wet
season extends from October to May when precipitation is greater than evapotranspiration.
These conditions cause soil moisture to begin to recharge in the fall and winter, creating water
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surpluses for the spring. The dry season begins in June, with soil moisture being rapidly utilized
in response to evapotranspiration exceeding precipitation.
Table 8. Average monthly water balance for the Nonconnah Creek watershed 1966-2017. Soil moisture capacity is
assumed to be 200 mm. All values in the table are given in millimeters unless otherwise indicated.

T – temperature, I – heat index (unit less), Unadj PE – unadjusted potential evapotranspiration, PE – potential
evapotranspiration, P – precipitation, Acc. Pot. W.L. – accumulated potential water loss, ST – storage, AE actual
evapotranspiration, D – deficit, S – surplus, RO – runoff, VI – vertical infiltration

Figure 18. Graphic representation of the average water balance for the Nonconnah Creek drainage basin from 19662017.
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Table 9 contains estimates of drainage basin area, impervious surface percentage, and
amounts of yearly VI for the Nonconnah Creek drainage sub-basins affecting the Lichterman and
Sheahan well fields, which are mostly contained within the Nonconnah Creek Drainage basin.
The balance suggests that the shallow aquifer should receive approximately 136 mm (21 million
cubic meters) of recharge annually from VI through soils. Table 9 also includes approximations
of maximum capacity pumping rates and yearly withdrawals from the Lichterman and Sheahan
well fields. Finally, the ratio of yearly VI to yearly withdrawal from the Lichterman and
Sheahan well fields were determined. The Thornthwaite-Mather water balance predicts an
amount of VI roughly equal to 19.5% of waters produced from the Lichterman and Sheahan well
fields annually.
Table 9. Calculated hydrologic values for the upper and middle sub-basins of the Nonconnah Creek drainage basin.
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Chapter 4: Discussion
Conceptual Hydrogeologic Model
Potential pathways for local recharge of modern waters to the Memphis aquifer are
identified through analysis of hydrostratigraphy and water level data from boreholes and wells at
the Lichterman well field and surrounding area. Three potential windows in the UCCU are
illustrated at wells UR_13M, UR_22M, and UR_24M in the map of the thickness and upper
surface of the UCCU (Fig. 10) and cross section A-A' (Fig. 11). Where the UCCU is thin and its
surface is depressed windows are interpreted as erosional in origin. Where the UCCU is thin and
the surface elevation is not depressed windows are interpreted as a variation in depositional
facies within the Cook Mountain formation. The probable windows at wells UR_13M,
UR_22M, and UR_24M are interpreted as erosional in origin. A fourth probable window not
intercepted by cross section A-A' at borehole TN157_1833 is more distal to the stream, and not
located within the present alluvial plain of Nonconnah Creek. The window at borehole
TN157_1833 is interpreted to be related to depositional processes that formed the UCCU. The
frequency of hydrologic windows located in the alluvial plain of Nonconnah Creek suggests
Holocene and Pleistocene erosion may contribute to formation of hydrologic windows in the
UCCU. Low elevations and thinning of the confining unit just to the west of the well field
suggest a continuation of the paleovalley described in Larsen et al. (2013). The geometry of
hydrologic windows presented in this study is subject to sampling bias based of borehole
locations and densities. Monitoring wells along Nonconnah Creek all record measurable head in
shallow aquifer wells and unconfined conditions in upper Memphis aquifer wells except well
UR_13M. At well UR_13M, an anomalously high level in the potentiometric surface is present
along with a consistently higher elevation water table in the overlying shallow aquifer. The high
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in the potentiometric surface of the Memphis aquifer at UR_13M is interpreted as mounding
caused by leakage of shallow aquifer water leaking through the window in the UCCU likely to
be present at the same location.
Cross section B-B' reveals unconfined conditions throughout the well field (Fig. 12). Of
the three shallow aquifer monitoring wells within the well field along cross section B-B’ only
well 3T2 has records of measurable head in the shallow aquifer. Shallow monitoring wells in the
well field are screened in the fluvial-terrace deposits above the elevation of the shallow aquifer
in the alluvial plain of Nonconnah Creek. Consequently, the water present in the shallow aquifer
at well 3T2 is interpreted as perched water. Again, at well UR_13M a probable window in the
UCCU is observed. Head measurements from 1997-2015 (Appendix B) reveal mounding of the
potentiometric surface of the Memphis aquifer at well UR_13M that typically reaches or exceeds
the elevation of the base of the confining unit, but it is generally lower than the water table in the
shallow aquifer. From 1997-2017, records consistently reveal approximately 2-5 m of head
above the base of the confining unit in the shallow aquifer at well UR_13S. The resulting
apparent hydrologic gradient suggests water from the shallow aquifer at well UR_13S seeps
through a hydrologic window present there into the Memphis aquifer and then flows laterally
towards the Lichterman well field. It follows that wells in the northwestern corner of the well
field may intercept modern water recharged at or near well UR_13M. The low elevation of the
contact between the UCCU and shallow aquifer within the well field at 3M1 (located on the
same lot at well 307) and MLGW 330 may be erosional remnants of paleochannels, similar to
those suggested by Larsen et al. (2013).
Stratigraphic features in the map of the thickness and upper surface of the UCCU and
cross sections are subject to errors associated with the IDW interpolation scheme used to develop
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them. The greatest errors occur where borehole densities are low and variability in horizons tend
to produce bulls-eye effects. This bulls-eye effect is prominent outside of the well field and
along the creek and the geometry of the features identified in these low borehole density areas
should be re-interpreted based on geologic understanding. The most significant re-interpretation
made in this study is to suggest low elevations and thinning of the confining unit likely extends
along the Nonconnah Creek alluvial valley and possibly along the paleovalley interpreted by
Larsen et al. (2013). Additionally, models of areas to the south, west, and east of the study area
are not expected to be predictive of stratigraphic horizons and should not be included in
interpretations.
Analysis of historical water levels at MLGW monitoring well 3M1 (located on the same
lot as MLGW well 307) and USGS monitoring wells Sh:L-103 (located on the same lot as
MLGW well 318), and SH:L-13, all screened in the upper Memphis aquifer, reveal trends and
fluctuations in the potentiometric surface. Records from 3M1 reveal a consistent drop in water
levels from 1959 to 1993 from 75 meters above sea level (masl) to nearly 59 masl (Fig. 19). The
consistent drop in head is interpreted as drawdown created by pumping from municipal and
industrial wells in the Memphis and surrounding areas. Unconfined conditions have been
consistently recorded at well 3M1 since the early 1980s. Similarly, unconfined conditions have
been measured at well SH:L-13 since the late 1970s. After the early 2000s water levels appear to
slowly recover from a low of 57 masl to just above 61 masl, possibly attributable to reduced
pumping in the Memphis area (Kingsbury, 2018). Records from well Sh:L-103 reveal apparent
seasonal fluxes in the potentiometric surface of the Memphis aquifer. Water levels tend to begin
to rise in the winter and continue to rise in the fall. This seasonal fluctuation matches seasonal
precipitation in the Memphis area and is consistent with the Thornthwaite-Mather water balance
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for the Nonconnah Creek drainage basin. However, seasonal fluctuations are not necessarily
indicative of modern recharge, but are most likely in response to seasonal differences in water
use and pumping rates (Kingsbury, 2018).

Figure 19. Water level measurements at Lichterman well field observation well 3M1 from 1959-2018.

Hydrostratigraphic and historical water level analyses inform the conceptual model of the
hydrogeology near the Lichterman well field (Fig. 20). The model illustrates that the Memphis
aquifer is largely unconfined at the Lichterman well field with localized groundwater flow from
the overlying shallow aquifer to the Memphis aquifer at hydrologic windows. Local recharge is
limited by discontinuous and possibly intermittent saturation of the shallow aquifer at window
locations. The model also assumes that the primary source of recharge for shallow aquifer water
is Nonconnah Creek. Additionally, the model illustrates perched water locally in the shallow
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aquifer. Analysis of geologist’s and driller’s logs reveals hydrologic windows have similar
grainsize distributions to overlying alluvial deposits and are thought to be erosional infill as
described by Gentry et al. (2006). Locally recharged waters are presumed to encounter gravels,
sands, silts, and clays as they move through hydrologic widows in the UCCU resulting in a wide
distribution of interstitial velocities. Consequently, the conceptual model assumes that
hydrodynamic dispersion will have some effect on tracer and solute transport of locally
recharged water. Finally, the model suggests that the most proximal well to hydrologic windows
in the UCCU have the greatest potential to produce modern water.

Figure 20. Updated hydrogeologic conceptual model illustrating potential groundwater flow from Nonconnah Creek
to the Memphis aquifer at the Lichterman well field (adapted from Larsen et al., 2003a).
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Noble Gas and Environmental Tracer Data
The mean recharge temperature determined from noble gas and excess air data for
Lichterman production wells in this study is 13.9 °C, well below the mean annual temp in the
Memphis area is 17.6 °C (NCDC 2010). Recharge temperatures being considerably below
average yearly temperatures in the Memphis area suggest most recharge occurs during cooler,
fall, winter and spring. The water balance for the Nonconnah Creek drainage basin also
indicates recharge to the shallow aquifer is likely to occur during the late fall/early winter and
spring months.
MLGW production wells 305, 306, 319, and 328 all had R/Ra values below 1.0, and 3H,
tritiogenic 3He, and SF6 concentrations near or below background levels. Low tracer levels
indicate little to no component of modern recharge affected by bomb-pulse tritiogenic 3He or
industrially elevated SF6 (Solomon and Cook, 2000; Busenberg and Plummer, 2000). Well 320
was similar to these wells except for high SF6 (2.21 pptv) which may be indicative of SF6
contamination that can arise from improper sampling or other sources of contamination.
However, the Memphis aquifer being primarily composed of quartz sand is not likely to cause
significant SF6 accumulation typically caused by igneous and metamorphic minerals (Larsen et
al., 2016). Well 324 had the highest tracer concentrations of all samples with a R/Ra value of
1.17, tritium content of 0.73 TU and tritiogenic 3He of 5.41. These high values are consistent
with modern water recharged in equilibrium with atmospheric bomb-pulse tritium and industrial
SF6 production. Wells 304, 318, 303 and 322 all had R/Ra values between 1.01 and 1.03 with
tritium ranging from 0.0 to 0.34 TU and tritiogenic 3He ranging from 0.75 to 1.51 TU. These
values suggest some influence of modern waters is possible, but are not diagnostic. Only well
324 contained significant enough tracer concentrations to be comparable to samples from
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Memphis production wells thought to produce significant proportions of modern water (Larsen et
al., 2016).
Apparent ages of modern water determined from environmental tracer data ranged from
19.1 to 51.3 years (Table 7). Wells 303, 304, and 324 bore significant enough tritium and
tritiogenic helium-3 for dating, yielding modern component apparent ages of 26.9, 25.7, and 38.2
years old, respectively. Apparent SF6 ages calculated for wells 303 and 304 were much older
than 3H/3He ages at 42.8 and 42.3 years respectively. Duplicate tracer data from well 324 found
3

H/3He ages of 34.9 and 38.2 (within 10% of each other) and were in general agreement with SF6

ages of 34.3 and 36.3 (within 6% of each other), improving confidence in tracer ages. Lack of
tracer age agreement, SF6 concentrations near background levels and apparent depletion of
tritiogenic 3He in wells 303 and 304 indicate a lack of modern water.
Geochemical Evidence for Mixing
Although concentrations of solutes in Lichterman well field production waters were
generally low, geochemical trends indicative of mixing are present. Elevated concentrations of
Cl-, Na+, and SO42- in shallow and upper Memphis aquifer wells are likely due to contributions to
the system by surface contamination (urban and rural land use) and possibly from older saline
deposits or formation waters in the UCCU (Larsen et al., 2003a; Larsen et al., 2009). The ratios
of Cl- to Na+ in production waters of 0.8/1 is slightly higher than that of halite at 0.6/1,
suggesting dissolution of halite as the primary control on concentrations in deeper Memphis
aquifer waters. The difference in ratios could be explained by the mixing of small proportions of
more Na+ rich waters with deep Memphis aquifer waters. SO42- in shallow and upper Memphis
aquifer waters may also result from dissolution of pyrite, only known to be significantly present
in the UCCU. High concentrations of Cl-, Na+, and SO42- found immediately below or above the
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UCCU, but not in deeper Memphis aquifer waters suggests downward vertical leakage of
oxygenated waters through the UCCU. Upper Memphis and shallow aquifer waters reflect a
strong influence of reactive dolomite found in shallow aquifer sediments. Conversely, lower
Ca2+ and Mg2+ ratios of deeper Memphis aquifer waters indicate other influences on these
solutes. Unique geochemical compositions of shallow aquifer groundwater found in fluvial
terrace deposits within the wellfield at well 3T2 and well UR_11S do not follow trends of
groundwater found in the lower lying alluvial deposits or Memphis aquifer, suggesting they are
not a primary source of recharge to the Memphis aquifer.
PHREEQCi geochemical inverse modeling results are indicative of a component of
modern water in Lichterman well field waters. Models of well 324 resulted in the greatest
component modern water for the well field. Modern water mixing percentages derived from
shallow end members UR_13S were mapped as an inverse-distance weighted (IDW) interpolated
surface in order to visualize spatial trends (Fig. 21). The greatest mixing percentages are found
in the northwest and west of the well field at well 324, the most proximal well to the shallow end
member at UR_13S. The influence of the shallow aquifer source decreases in the south and
southeast portions of the well field, where shallow aquifer monitoring wells are dry and lack a
consistent source of recharge from surface water. Records of shallow aquifer monitoring wells
in the south and southeast of the well field were insufficient to determine when those wells
became dry. Consequently, it is difficult to speculate on whether shallow aquifer water may
have drained through windows in these areas and contributed modern water to this area of the
well field.
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Figure 21. Inverse distance weighted interpolation of PHREEQCi modern water mixing percentages at the
Lichterman well field using the shallow end member UR_13S and the deep end member MLGW 306.

Geochemical inverse models demonstrate little sensitivity to target wells sampled in
different years. Models using the water chemistry of well MLGW 324 from 2006 produce
similar results to models using water from the same well sampled in 2016 (Table 12).
Consistency in models from different years suggests persistence of leakage along a pathway
from the shallow aquifer at or near UR_13 to the Memphis aquifer and production waters at
MLGW well 324. Models of samples from well 324 most often predict the precipitation of
goethite or hematite (Table 3). Precipitation of goethite or hematite may occur as iron bearing
waters from UR_13S encounter more oxidizing conditions observed in UR wells screened in the
upper Memphis aquifer (mean D.O. of 2.53 mg/L). Halite dissolution is expected given much
higher Na+ and Cl- concentrations in samples from well UR_13S compared to production well
waters. Siderite dissolution can most easily be explained as shallow aquifer waters interacting
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with siderite concretions present in the UCCU as they migrate through windows in the UCCU.
Dissolved O2 and CO2 may evolve from organics present in the alluvium, the UCCU, and the
Memphis aquifer.
Table 10. Comparison of PHREEQCi geochemical inverse modeling results for MLGW 324 from different years.

Environmental Tracer Evidence for Mixing
Tritium loading and lumped parameter modeling were also used to determine age
distributions and mixing fractions of modern water being produced from production wells at the
Lichterman well field. Percent modern water determined by tritium loading is consistently
higher than geochemical mixing models except for the 2006 sample of well 324. Mixing
percentages range from 10 to 45% modern water. Overestimation of the fraction of modern
water by the tritium loading model may be caused by the inability of the tritium loading model to

59

account for dispersion along groundwater flow paths. Only samples from well 324 returned
BMM-DM-PFM LPM results within reasonable error. Models with relative error less than 25%
for the 2016 sample of well 324 produce components of modern water between 23 and 29.5%,
more than double geochemical model estimates, but below the tritium loading estimate. The
percent modern for the 2006 sample from well 324 is between 14 and 14.5%, well within the
error of the geochemical calculations and tritium loading calculations.
LPMs are also used to find mean ages of modern water and DP values that best fit tracer
data. LPMs produce ages for the 2016 sample of well 324 between 34 and 40 years, very similar
to apparent ages modeled from 3H/3He ages and SF6. The DP calculated for the 2016 sample
ranges from 1.2 to 9.1, with the minimal error being achieved at a value of 2.43. LPMs produce
ages for the 2006 sample of well 324 of 40.4 and 45.7 years with no error and similar values of
the DP at 0.73 and 0.88. Modeled DP values suggest dispersion may play a significant role in
tracer transport as modern waters recharge the Memphis aquifer at the Lichterman well field.
Water Balance
VI predicted by the Thornthwaite-Mather water balance may be treated as an
approximation of water loss beneath soil and creek bed zones, or modern water entering the
shallow aquifer. The predicted 21 million cubic meters of VI would equate to around 41% of the
maximum yearly withdrawal from the Lichterman well field of approximately 52 million cubic
meters. The ratio of VI to yearly withdrawals from the Lichterman well field is more than eight
times the 5% average percentage of shallow aquifer water predicted to be produced from
production wells in the Lichterman well field by inverse geochemical models. However, the
amount of infiltration to the shallow aquifer is based off of a drainage basin area which includes
the Lichterman and Sheahan well fields. An average of 15% shallow aquifer water was
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predicted for production wells in the Sheahan well field from inverse geochemical modeling in
Larsen et al. (2013). Applying geochemical mixing percentages to both well fields results in
approximately 10% component shallow aquifer water in production waters from both well fields.
The ratio of VI to maximum yearly withdrawal from both the Lichterman and Sheahan well
fields is nearly 20%. This suggests that VI could supply enough water to the shallow aquifer for
geochemical predicted fractions of shallow aquifer water to be produced from production wells,
but only if nearly all shallow aquifer water were locally recharge to the Memphis aquifer. It
should also be noted that VI does not account for direct hydrologic connection between stream
beds and the shallow aquifer. Rather, it is an estimate of water vertically infiltrating through the
unsaturated zone. Moreover, lack of water in shallow aquifer monitoring wells 3T1 and 3T3
may indicate that VI is lost to throughflow or other processes before reaching the shallow
aquifer. Additionally, consistent saturation of shallow aquifer monitoring wells within the
alluvial plain of Nonconnah Creek suggest that water lost from the creek to the shallow aquifer is
the most likely source of water in the shallow aquifer, supporting the predictions of Nyman
(1965) and observations of Larsen et al. (2013)
Hydrogeologic Comparison to Neighboring Well Fields
The hydrogeologic model for the Lichterman well field outlined in this study is similar to
those defined in studies of other well fields in the Memphis area, but differs in several ways.
Similarities to studies of the Sheahan (Larsen et al., 2003a; 2013; Ivey et al. 2008), Davis (Parks
et al., 1995; Koban et al., 2011), Allen (Bradshaw, 2011) and McCord (Gallo, 2015) well fields
include contributions of modern water, and older formation water, from the shallow aquifer
through windows in the UCCU and local recharge to the shallow aquifer from a nearby stream.
Similar to Larsen et al. (2013) saturation of the shallow aquifer is found to be limited within the
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well field and Nonconnah Creek is the most proximal, consistent source of recharge to the
shallow aquifer. The most notable difference to the other well fields mentioned is a lack of
confinement of the Memphis aquifer for the majority of the well field and surrounding area.
Consequently, although hydrostratigraphic modeling revealed multiple windows surrounding the
Lichterman well field, leakage of shallow aquifer water into the Memphis aquifer is limited by
hydrologic conditions. Unconfined conditions result in decreased hydraulic conductivity of
windows in the UCCU as cavitated pore spaces reduce hydraulic conductivity and in doing so
may limit the risk of contamination in some areas. Additionally, the introduction of air into pore
spaces complicates tracer analyses and modeling efforts, as fractionation of dissolved gasses in
unconfined conditions can cause significant error in tracer-based age and mixing calculations.
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Chapter 5: Conclusions
Identifying the sources, pathways and contributions of modern water to production well
water from the Memphis aquifer is critical to efforts to protect the quality of the water supply for
the city of Memphis because modern water from near-surface sources may come into contact
with surface pollutants prior to entering the Memphis aquifer (Graham and Parks, 1986; Parks,
1990). The Lichterman well field produces up to 114,000 m3/day of water from the Memphis
aquifer for domestic, industrial, and many other uses and is one of several well fields in the
Memphis area vulnerable to vertical seepage of modern groundwater into the underlying
Memphis aquifer. This study employed hydrostratigraphic, hydrogeologic, geochemical and
environmental tracer data to identify likely pathways, sources and proportions of modern water
contributing to production well water from the Memphis aquifer at the Lichterman well field,
southeastern Memphis, Tennessee.
Borehole data in the form of geophysical, driller’s, and geologist’s logs were collected
and interpreted in order to define the elevations of stratigraphic horizons for loess or topsoil, the
shallow aquifer, the upper Claiborne confining unit (UCCU), and the Memphis aquifer. These
hydrostratigraphic horizons were mapped and used to build a 3D model of the study area.
Hydrogeologic cross sections were then developed from the 3D model and water level data from
monitoring wells in the study area in order to identify likely recharge pathways from the shallow
to Memphis aquifer and develop a new conceptual hydrogeologic model of the well field.
Additionally, chemistry and environmental tracers (3H, tritiogenic 3He, and SF6) data produced
from the 2016 sampling of 10 production wells and 1 shallow aquifer monitoring well in the
Lichterman well field were combined with data from previous geochemical investigations in and
around the study area. Collected data were used to detect the presence and estimate ages of

63

modern water in the shallow and Memphis aquifer. Geochemical data were entered into inverse
geochemical models to estimate the amount of shallow aquifer water produced in production
wells and likely geochemical reactions that may occur within the aquifer system. A binary
dispersion and piston flow lumped parameter model was fit to tracer data in order to estimate the
mean age of modern water, component modern water, and the influence of dispersion on tracer
transport. Finally, climatic data collected from 1966-2017 were used to develop a ThornthwaiteMather water balance and estimate the amount of vertical infiltration below root zone available
to recharge the shallow aquifer.
Hydrogeologic evidence indicates conditions favoring local recharge to the Memphis
aquifer from the shallow aquifer near the Lichterman well field. Water-level data confirm that
pumping of groundwater at the Lichterman well field has created unconfined conditions
throughout much of the Lichterman well field and surrounding areas. Where the Memphis
aquifer is confined a downward hydraulic gradient exists allowing modern water in the shallow
aquifer to locally recharge the Memphis aquifer where suitable hydrogeologic pathways exist.
Hydrostratigraphic cross sections indicate the likely presence of multiple hydrogeologic
windows in the upper Claiborne confining unit (UCCU) within the alluvial plain of Nonconnah
Creek to the north and east of the well field. The most likely recharge pathway for modern water
is located at wells UR_13S and UR_13M, approximately 2 km north of the well field, where a
consistent downward hydraulic gradient from the shallow aquifer to the Memphis aquifer
coincides with a hydrologic window and mound in the potentiometric surface of the Memphis
aquifer. Water level data suggest that water recharged at UR_13M flow laterally along hydraulic
pathways towards the Lichterman well field.
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Water chemistry and environmental tracer data indicate that modern water migrating
through windows in the UCCU are influenced by surface runoff and reactive phases in the
shallow aquifer and UCCU. Elevated Na+, K+, and Cl- concentrations in shallow and upper
Memphis aquifer water indicate an influence of urban runoff and potential dissolution of saline
deposits from sediments in the UCCU. Similar Ca2+ and Mg2+ ratios in shallow and upper
Memphis aquifer waters reflect the dominant influence of dolomite, known to be present in the
shallow aquifer. High levels of SO42- in shallow and upper Memphis aquifer waters may arise
from the dissolution of pyrite, found in UCCU sediments.
Inverse geochemical mixing models using UR_13S as the shallow end member and
MLGW well 306 as the deep Memphis aquifer end member found that MLGW production well
324, the closest production well to well UR_13S, produces up to 14% shallow aquifer water.
Using the same geochemical end members, eight other production wells were found to produce a
component of shallow aquifer water of between 2 and 8%. Additionally, environmental tracer
(3H, tritiogenic 3He, and SF6) data applied to lumped parameter modeling of production well
waters indicate that between 11 and 29.5% of water produced from MLGW well 324 is modern
having a mean age between 34 and 46 years. Mean ages and mixing fractions of modern water
from LPMs roughly match 3H/3He and SF6 apparent ages or well 324. Estimated dispersion
parameter (DP) values from LPMs ranging from 0.73 to 2.43 support the role of dispersion in
solute transport assumed in the conceptual model. Predictably, tritium loading, which does not
account for the effects of dispersion, predicts elevated mixing ratios when compared to most
geochemical models or LPMs.
The results of this work confirm a component of modern water contributes to production
well water from the Memphis aquifer at the Lichterman well field. Although, vertical infiltration
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determined in the water balance could supply a similar volume of water to that produced from
Lichterman and Sheahan well field production wells as determined through geochemical models,
the lack of saturation of the shallow aquifer suggests another more consistent source of water is
necessary to drive leakage of shallow aquifer waters into the Memphis aquifer. Consistent
saturation of the shallow aquifer at monitoring wells along Nonconnah Creek suggest water loss
from the stream as the most likely source of modern water in the shallow aquifer. Drawdown of
the potentiometric surface of the Memphis aquifer resulting in unconfined conditions of the
Memphis aquifer may also limit local recharge and reduce the effectiveness of tracer-based
studies.
Further studies in the Lichterman well field area should be designed to constrain the
extent and boundaries of the window at UR_13 and water loss from Nonconnah Creek in the
area. Greater well and borehole density in the area of UR_13 and the area between Nonconnah
creek and the Lichterman well field would improve resolution of stratigraphy and hydrologic
gradients and may help identify other areas where communication occurs between the shallow
and Memphis aquifer. Future water balance calculations would be greatly improved through
evaluation of soil moisture content profiles over time in upland and alluvial flood plains in order
to limit error in calculating vertical infiltration to the shallow aquifer. Quantifying water loss
from Nonconnah Creek to the shallow aquifer would also greatly improve water balance
calculations.
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Appendix A
Hydrostratigraphic Data
Table 11. Locations and hydrostratigraphic boundary elevations for various wells and boreholes Memphis, TN
(geophysical and lithologic logs used for interpreted boundaries provided by CAESER).

Table 12. Locations and hydrostratigraphic boundary elevations for various wells and boreholes Memphis, TN
(geophysical and lithologic logs used for interpreted boundaries provided by the USGS from Strom (1997)).
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Table 13. Locations and hydrostratigraphic boundary elevations for various wells and boreholes Memphis, TN
(geophysical and lithologic logs used for interpreted boundaries provided by CAESER).
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Appendix B
Water Level Data

75

76

77

78

79

80

